We dispersed electrochemical etched Si into a colloid of ultrabright blue luminescent nanoparticles ͑1 nm in diameter͒ and reconstituted it into films or microcrystallites. When the film is excited by a near-infrared two-photon process at 780 nm, the emission exhibits a sharp threshold near 10 6 W/cm 2 , rising by many orders of magnitude, beyond which a low power dependence sets in. Under some conditions, spontaneous recrystallization forms crystals of smooth shape from which we observe collimated beam emission, pointing to very large gain coefficients. The results are discussed in terms of population inversion, produced by quantum tunneling or/and thermal activation, and stimulated emission in the quantum confinement-engineered Si-Si phase found only on ultrasmall Si nanoparticles. The Si-Si phase model provides gain coefficients as large as The discovery in 1990 of visible red luminescence by Canham and co-workers 1,2 in electrochemical etched Si surprised the scientific community, since Si is an indirect gap material. Recently, we demonstrated another surprising effect of the presence of micron-size regions that are rich in ultrasmall structures, and for which the intensity of the luminescence has a sharp threshold near an average intensity of 10 6 W/cm 2 , with highly nonlinear characteristics, rising by several orders under two-photon femtosecond excitation. 3 At the threshold there is a dramatic increase in the slope of the power pumping curve from ϳ1.6 to ϳ11-12, similar to stimulated emission in inverted systems. The region that exhibits the threshold behavior 3 is abundant, but it is spotty, shallow, and uncontrollable. In this letter, we enriched the ultrasmall structure, dispersed it into a suspension colloid of ϳ1 nm diameter particles, 4 and reconstituted it into large, thick, uniform, and under control films or microcrystallites on device quality Si or glass substrates. Under excitation with 355 nm, the luminescence of the colloid and the film are dominated by blue emission at ϳ390 nm, and is observable with the naked eye in room light. The brightness is high such that emission from a single particle is readily detectable. Two-photon excitation at 780 nm produces blue light, from all over the film, with a sharp threshold beyond which a low order power dependence that may saturate at the highest incident intensity sets in. Moreover, under some conditions, smooth crystals produce collimated beam emission. The results are discussed in terms of stimulated emission in the quantum confinement-induced Si-Si phase found only on ultrasmall Si particles. 6, 7 Under certain conditions of crystallization, the second harmonic, forbidden in bulk due to the centrosymmetry, was recently observed.
8
͑100͒ oriented, 1-10 ⍀ cm resistivity, p-type boron doped silicon was laterally anodized in H 2 O 2 and HF. 9 The peroxide catalyzes etching and cleans, resulting in much reduced substructures of high chemical and electronic qualities. The brighter spots are found where the current concentrates, such as in the meniscus ͑air-liquid interface͒. 10 We advance the wafer at a speed of ϳ1 mm per hour to produce a large meniscus-like area. A subsequent ultrasound bath crumbles the film into ultrasmall particles. Transmission electron microscopy shows a size of 1 nm in diameter. Electron photospectroscopy shows that the particles are silicon with less than 10% oxygen. We then precipitated the particles into a thin film on Si or glass substrates. Figure 1͑a͒ gives the emission spectrum of the film under excitation with 355 nm UV radiation, showing the blue band at 390 nm. Optical imaging ͓see Fig. 1͑b͔͒ shows, in some cases, smooth colloidal crystals of 10-50 m across. We used Tisapphire laser ͑150 fs pulses, 80 MHz rep rate͒. The average power, 5-300 mW, is focused to diffraction limited spot ϳ1 m diameter, giving an average ͑or cw͒ intensity of 2 ϫ10
The interaction is viewed via an optical microscope (ϫ10) and the excitation beam was raster scanned. Emission is detected by a photomultiplier and stored in a two dimensional array. The film emits, as seen by the naked eye, 1 m spot of intense ''white blue'' light. At high intensities, the sample may be damaged. Figure 2 gives the emission intensity as a function of the average incident intensity. For low intensity, the emission is finite, but at ϳ10 6 W/cm 2 , it exhibits a sharp threshold, rising by several orders of magnitude. Beyond the threshold, there sets in a low order power dependence that may saturate. There are several types of spatial profiles. When the incident beam is raster scanned in an irregularly shaped cluster region, nondirected intense flashes larger than the interaction spot may occasionally be observed. In the crystallites region, the spatial profile of the emission depends sensitively on the shape of the crystallite. Under some conditions of recrystallization, crystals of smooth shape may form. Figure  3 displays the interaction with this type of crystallite. The excitation beam, focused to 1 m spot, is normally incident ͑normal to the figure͒. The boundaries of the crystallites in Fig. 3 are not fully visible, because the images were taken with no white light. The images show that directed blue beams emerge from the interaction spot. These appear when the surface of the crystallite is concave. The beams, in some cases, get narrower before they fade away. If the outer portion is diverging, then under strong absorption it will disappear first making the beams appear collimated. Figure 4 shows the case where the opposite faces of a crystallite are cylindrical and close ͑boundaries not visible͒ and the generated beam strikes the opposite face, making a weaker bright spot. When the incident intensity is reduced the beam fades away and disappears while the interaction spot remains bright pointing to a threshold as shown in Fig. 4 . The blue beam is favored when the incident beam strikes close to a face of the microcrystallites, often quitting when it is moved to the interior, pointing to a need for large feedback by reflection. We observe divergent beam profiles when the crystallite faces are plane. In some cases, the size grows 5 m over 20 m of propagation, giving roughly a divergence of 125 mr.
We now discuss systems that provide population inversion. A recent model 6, 7 demonstrated strong variations in the absorption and emission pathways with size, in the ultrasmall regime. Allan et al. 6 theoretically discovered formation in ultrasmall nanocrystallites (Ͻ1.75 nm) of new stable configuration ͑or phase͒ distinct from but interconnected to, a diamond-like structure by a potential barrier. It is based on the pairing of surface atoms to form intrinsic Si-Si dimer bonds. Figure 5 gives the interatomic potential of the bond 6 and the various pathways for absorption and emission in a 1.03 nm diameter particle. 7 The excited state is a double well with a potential barrier where the outer well, a trap well ͑at 3.85 A͒ radiates with life times of 5 ns-100 s while the inner well ͑at 2.35 A͒ radiates on a much longer time scale ͑ms͒. The state to which the outer well radiates is the ground state, high lying and unpopulated, hence this system constitutes a stimulated emission channel.
Direct excitation to the outer well is not allowed because transitions proceed vertically according to the FrankCondon principle. But absorption proceeds into the inner well at a bond of 2.35 A, followed by transfer into the outer well by bond expansion via tunneling ͑double well vibrations͒ or thermal activation. 6, 7 Also, above-barrier absorption, followed by relaxation, populates the trapping well. For sizes less than a critical size of ϳ1.4 nm the trapping edge is lower than the absorption edge allowing stabilization of the outer well. 7 Evidence for a potential-based state was demonstrated by manipulation with metal and oxide coatings. 11 Blue emission at ϳ400 nm is expected from radiative processes at the top of the barrier ͑at ϳ3 A bond length͒, with a short lifetime ͑submicron/nanosecond͒. The Si-Si produces gain from the bottom of the outer well; however, it is a smaller gain since the lifetime is in the s regime. Measurements of the dispersed colloid particles gave life times of 1, 5, 10-15 ns, and ϳ100 s, with most of the blue emission being in the 10-15 ns time scale, and the weak red component being in the s regime.
The initial gain coefficient 12 is ␥ϭ⌬N 2 ⌬v/(8 n 2 ) where ⌬N is the population inversion, n is the refractive index, ⌬v is the emission width, is the wavelength, and is spontaneous lifetime. With near saturated absorption, followed by strong transfer, we expect the density of the excited emitters to be ϳ25% of the atomic solid density (ϳ1. 13 recently reported superlinear emission in porous Si in the infrared ͑600-1300 nm͒ with long (Ͼ10 ms) time scale. The samples must first be oxidized at 800-1000°C. Emission is, however, quenched by attaching to a higher thermal conductivity substrate or by blowing air; thus it was attributed to heat effects. Our emission is in the blue (ϳ400 nm) with a short time scale ͑10 ns͒. The particles are not heated or oxidized, and Fourier transform infrared and electron photo spectroscopy ͑EPS͒ show that they are hydrogen terminated. The emission is stable and blowing air does not quench it, whether the film is free standing, on glass, or on silicon substrates, and it is observed in the solid precursor, dispersed particles, or microcrystallites. The emission from single particles is already ultrabright and readily detectable. 5 Finally, unlike KF, we observe collimated laser beam emission. We examined the time behavior. Operating the laser in cw mode, only the bright patches in the solid precursor respond. Moreover, dispersed particles are extremely dim but the films are ultrabright and exhibit a threshold. In the pulsed case the regions away from the bright patches fluoresce and dispersed particles are ultrabright. Since the average incident power is the same it is doubtful that the process is simply due to heat. In the dimer phase, thermal activation is a means for population but it is not the basic mechanism. 7 In conclusion, we reported very sharp emission thresholds and directed, nondiverging blue beams in microcrystallites of ultrasmall Si nanoparticles. We discussed the results in terms of population inversion/stimulated emission in the confinement-induced Si-Si dimer phase predicted only on the ultrasmall particles. 
